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(57 ABSTRACT

A physical property of a liquid or of any optical fiber is
measured using an optical fiber interferometer. A con-
ductive material is disposed upon the surface of a region
of a light transmitting optical fiber and the region hav-
ing the conductive material is disposed in the liquid.
Light energy is applied to one end of the fiber and
transmitted light is received at the other end of the fiber.
Electrical energy is applied to the conductive material
disposed upon the surface of the fiber to heat the region
of the fiber and cause a change in the optical path length
of the light transmitted through the fiber. The physical
property of the liquid or optical fiber is determined in
accordance with the change in the optical path length
of the received light caused by applying the electrical
energ,y to the conductive material. A series of short
energy pulses is provided and the aveszge phase change
is determined. The conductive material is gold and it
encircles the fiber. The gold may be disposed on the
jacket of the fiber or the jacket may be removed before
disposing the gold.

16 Claims, 3 Drawing Sheets
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OPTICAL FIBER SENSOR FOR MEASURING
PHYSICAL PROPERT.ES*OF LIQUIDS

STATEMENT OF GOVERNMENT INTEREST

The invention described herein may be used by and
for the Government of the United States of America for
governmental purposes without the payment of any
royalties thereon or therefor.

BACKGROUND OF THE INVENTION

This invention relates to a device for measuring the
physical properties of liquids and in particular to a de-
vice for measuring physical properties of liquids using
the interferemce of light waves.

It is well known in the art t0 use fiber optic systems
for temperature measurement and monitoring of liquids.
For example. these systems are commonly used when

monitoring the temperature of flammable liquids be- 2

cause non-electrical sensing devices eliminate a source
of explosion hazard associated with electrical tempera-
ture monitoring systems.

The thermal conductivities of liquids are often mea-
sured because the thermal conductivities of liquids are
required for various heat transfer analyses. These con-
ductivities are commonly obtained with a transient
hot-wire apparatus. In this technique a thin platinum
wire, serving as both a heating clement and a thermom-
cter. is heated resistively with a current pulse of about
one second duration. The thermal conductivity of the
surrounding medium is determined from the tempera-
ture change of the wire as a function of time. In this
type of analysis an approximate solution of the heat
conduction equation is used. where the slope of the
change in temperature versus the natural log of time
curve is inversely proportional to the thermal conduc-
tivity of the medium. In applying this method. a number
of corrections are necessary-due to the finite diameter
and finite thermal conductivity of the platinum wire.
Additionallyv. a correction for the temperature depen-
dence of the fluid properties is necessary. With these
corrections incorporated. into the analysis, the tech-
aique allows for thermal conductivity determinations
with an accuracy of 0.2¢%.

Another method for measuring temperature using an
optical fiber is disclosed in Langeac U.S. Pat. No.
4.563,639. In the apparatus of Langeac, a probe is
formed by winding an optical fiber in a generally sole-
nowd shape. U.S. Pat. No. 4.621.929, issued to Phillips
and entitled “Fibre Optic ‘Thermal Anemometer.”
teaches a device for measuring the heat transfer coetfi-
cient of a sample.

SUMMARY OF THE INVENTION

A physicu! property of a hiquid is measured using a
light transmitting optical fiber interferometer. A con-
ductive material is disposed upon the surface of a region
of the light transmitting optical fiber and the region
having the cenductive matenal is disposed n the liquid.
Light energy is applied to one end of the fiber and
transmitted hizht is recenved at the other end of the fiber.
Electrical energy is applied 1o the conductive matenal
disposed upon the surface of the {iber to heat the region
of the fiber xnd cause a change in the optical path lencth
of the light transmitted threceh the fiker The phyeical
croperty of ine hquid or oy .cal fiber s coterming §n
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accordance with the change in the mierference pattern
of the received light.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the thermal conductivity cell of the
optical fiber sensor of the present invention for measur-
ing thermal conductivity,

FIGS. 2a and 2b show cross-sectional representations
of a conductor coated region of an unjacketed optical
fiber and a jacketed optical fiber. respectively, of the
thermal conductivity cell of the present invention.

FIG. 3 shows the experimental apparatus used to test
the thermal conductivity sensor of the present invention
including a Mach-Zehnder interferometer.

FIG. 4 shows the core temperature of the fiber of
FIG. 1 as a function of time when a one miilisecond
square pulse is applied to a conducting region disposed
on the surface of the fiber of FIG. 1,

FIG. 5 shows a graphical representation of the varia-
tion of peak core temperature of the fiber of FIG. 1 as
a function of the concentration of ethylene glycol plus
water mixtures.

L'ETAILED DESCRIPTION OF THE
INVENTICN

Referring now to FIGS. 1. 2a.b. there is shown ther-
mal conductivity cell 10 and a cross-sectional view of
optical fiber 12 of thermal conductivity cell 10 for mea-
suring physical properties of a liquid. In thermal con-
ductivity cell 10 there is provided a thin layer 14 formed
of gold and disposed on the surface of optical fiber 12
either on the outer surface of silica substrate 17 or on
the outer surface of jacket 19 surrounding silica sub-
strate 17. Gold layer 14 may be sputtered onto the sur-
face of fiber 12 and may have a thickness of approxi-
mately one-tenth of a micron. The section of fiber 12
having gold layer 14 is disposed in well 18 of block 19
The liquid being monitored is placed in well 18 to per-
mit immersion of gold layer 14 in the liquid.

Electrical energy is applied to gold laver 14 and the
temperature rise of optical fiber 12 due to the applied
electrical energy is determined by measuring the
change in optical path length in optical fiber 12. This
temperature is influenced by the thermal conductiviry
of the liquid. Thus. the thermal conductivity of the
liquid may b+ determined in accordance with the mea-
sured light. This thermal conductivity measurememt
requires a temperature rise of only tenths of degree of
the optical fiber in thermal conductivity cell 10: the
corrections associated with the temperature depen-
dence of the fluid properties are unnecessary.

In addition. heat conduction 15 determined numen-
cally for the regions inside and outside of fiber 12 <o that
no corrections associated with the a2pproximate solution
are required. Another advantage 2ssociated with the
short-time n-:asurement of the thermal concductivuty
cell 10 is the mu. :nizauon of possitle convectine losses
which would unnecessarily complicate the thermal
conducuvity determination. The tme delay aswociated
with the onset of convection is much greater ihun the
pulse times used. ’

Single-made optical fiber 12 of thermal conducnviy
cell 10 of the present invenuon muay be an 111 Type
T-1601 having a four micron diameter sthea core 1300
forty micron outside dismeter B:7:-doped
ding 15. an enehty-five micron cutwide duame
substrate 17, and a siltcone/plasiie tack
may o removed fromasecnen . @
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of fiber 12 which may be spproximately two and one- .

half centimeters. Gold film 14 is spurtered onto the
surface of fiber 12 completely encircling the region

wherein jacket 19 is removed. Alternately, gold film 14 -

may be deposited directly on jacket 19.

Referring now to FIG. 3, there is shown Mach-
Zehnder interferometer system 20 wherein thermal
conductivity cell 10 forms one arm of Mach-Zehnder
interferometer 15. Interferometer system 20 also in-
cludes single-mode couplers 2246 which may be 3dB
2X2 Amphenol couplers. Light from single-frequency
heliumneon laser 24 is applied by way of lens 26 10 the
end of input fiber 28 having polarization controller 29,
The light is split evenly between arms 30, 32 of interfér-
ometer 15 at first coupler 22a. Arm 30 of interferometer
15 includes 3 PZT stretcher 34 to maintain interfu ome-
‘ter 18 at quadrature. Arm 32 of interferometer 15 is

s

0

coupled to thermal conductivity cell 10, Elecr:odes 16 -

are electrically coupled to gold layer 14 of fibe- 12 with
silver paint. Gold layer 14 is then immersed in :he fluid

20

medium whose thermal conductivity is to be deter-

mined. Approximately 1.4 cubic centimeters of the fluid
". are sufficient for this measurement. The light from arms
38, 40 is combined at coupler 226 and exits through
coupler 225 and is collected by photodiodes 42 for com-
parison by differential amplifier 46. Feedback: from
differential amplifier 46 is applied to PZT fiber stretcher
34 by way of locking amplifier 49.

Gold-coated fiber 12 is resistively heated repeatedly
with one millisecond voltage or current pulses with a
one percent duty cycle from pulse generator 36, Thus
the single section of fiber 12 having gold layer 14 dis-
posed thereupon serves as both the heating element and
the thermometer of interferometer system 20. The
pulses from pulse generator 36 arc applied to gold-
coated fiber 12 by way of electrodes 16. Each pulse
from pulse generator 36 produces a time-dependent
signal which is proportional to the optical phase change
in arm 32 containing thermal conductivity cel! 10 be.
Cause temperature’changes of fiber 12 within gold layer
14 are observed as a shifting of the interference pattern.
These signals are recorded and stored by signal analyzer
44. Signal analyzer 44 ‘may, for example, be an HP
3651A Signal Analyzer. The time-averaged signal pro-
duced by one hundred such pulses was recorded. -

The temperature sensitivity of gold-coated fiber 12
may be determined both theoretically and experimen.
tally. In the experimental determination, microdegree
temperature changes are observed. In the theoretical
determination, the phase of a wave propagating in fiber
12 of length L is given by

Smlwal/r [1}]
where n is the effective refractive index, which may be
approximated by the refractive index of the core of fiber
12, and A is the wavelength of the light in free space. A
change in fiber 12 temperature AT results in a phase
shift Ad of the light in fiber 12 because of the tempera.
ture-induced change in the refractive index of the core
of fiber 12, the change in the length of fiber 12 due to
thermal expansion, and the photoclastic effect. The
temperature sensitivity of the gold-coated section 14
fiber 12 may be expressed as

AKLAT) = (2m/AN(pn/pT)
—nes AT 23V Py = PyaM, - Prafy N
where p is the core density, ¢; and ¢, are the axial and
radial strains. and Py and P); are the Pochels cocffici-
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ents. Fiber 12 is considered to consist of four concentric
layers: the core. the cladding. the substrate. and the
one-tenth micron gold layer 14. The strains resulting
from the temperature change AT are calculated using
the method of Schuetz et al. The sensitivity for the
unjacketed fiber thus determined is Ad/LAT=16.3
fringes/m-* C. where the first term in Eq. (2) provides
the major contribution.

The temperature sensitivity of gold-coated fiber 12
may also be determined experimentally by monitoring
the resistance change of the gold film 14 when heated
by a steady current. The temperature change is then
calculated as

AT=AR/Ry, (3)
Where-AR is the resistance change correspor.iing to &
temperature change AT, R is the room tesperature
resistance, and y, is the temperature coefficient of resis
tivity. A value for y, is determined experimentally by
placing gold layer 14 of fiber 12 in a furnace (not
shown) and monitoring the resistance as the tempera-
ture is increased. These experimental results are then
u;ed 10 obtain the experimental temperature sensitis ity
o
38/LAT =159 fringessm.* C. 4
The experimental value is in reasonable agreement with
the theoretical value, and is the value used in the ther-
mal conductivity analyses. The greatest experimental
uncertainty is the accurate determination of the coated
length L of fiber 12. In practice 1t is most convenient 1o
calibrate the thermal conductivity sensor with a fluid of
known thermal conductivity; in the measurements dis-
cussed below, pure ethylene glycol is taken as a stan-
dard with a thermal conductivity of 0.285W/m-* C.
The experimental data are recorded a3 optical phase

“changes Ad which are related 10 AT through equanion

4. A typical plot of AT versus time t for water is shown
as curves 60.62 in FIG. 4, wherein curve 60 reprevents
the experimentally obtained response and cunv e 62 rep-
resents the calculated response. Curve 60 fepresents the
average response to one hundred consecutive one milli-
second pulses. If gold-coated fiber 12 is immersed in a
fluid medium of lower thermal conductivity, the nise.
time of curve 60 is shorter, the peak is higher and the
decay time is longer. The peak value of the temperature
rise provides the most convenient measure of the ther-
mal conductivity; thus, the data presented below are
obtained through measurement of the peak heighis.
An interpretation of the experimental data 1 pro-
vided through a numerical solution of the heat conduc-
tion equation.
4

BTk 73T - P/pCoA

Where k= K/pCp is the diffusiity, K 1 the thermal
conductivity, C,is the speciiic heat at constant pressure.

60 A is the cross-sectional area of the heated region. P i

(3]

the power applied 10 the fiber per unn length. snd p 1
the density. An infinite lergth and circular vy mmetry
are assumed. and equation 5) s solved 1 two regions
the silica fiber and the «crrounding hquid medium
whose thermal conductiviy 1s 1> be determined The
material properties p and ¢ . for hoth the fier 12 3ad
the medium must be ser-atel. measured. - raned
from the hterature. or &-ermined by the resent
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method. Equation (5) is replaced by a finite difference
equation which 1s solved using boundary conditions
tAT/ur=0at r=0and AT =0 1t r=R and initial condi-
tions AT =0. The outer radius R of the medium is taken
to be much greater than the thermal diffusion length for
the time period employed in the calculation. Gold coat-
ing 14 is assumed to have a negligible thickness and the
power dissipation in gold coating 14 is assumed to occur
in the boundary region between the fiber 12 and the
fluid medium. The finite-difference approximations
yield a set of coupled first-order ordinary differential
equations in the time variable. These differential equa-
tions are then solved by the standard Bulirsch-Stoer
Method.

The entire AT versus time curve is a sensitive func-
tion of the material parameters. For example, . five
micron change in the fiber outer-diameter used in the
calculations produces an easily discernible change in
the calculated curve 62. Thus the method of the present
invention may be used to determine the parameters of
fiber 12 as well as the properties of the liquid. The cal-
culations for curve 62 are performed using a handbook
value of Ksitica = 1.34 W/m-oC, a value for generic silica.
A ten percent reduction of Ko to 1.21 W/m-°C makes

the calculated and experimental curves almost indistin- 4

guishable at the resolution shown in FIG. 4.

Experimental results are presented for aqueous ethyl-
ene glycol solutions. Handbook values of the density
and specific heat and literature values of the thermal
conductivity are shown in Table 1.

TABLE 1

Solution Properues 3t 20° C

Concen-
tration Density Thermal
1Weight % (kglmf « Specific Heat Conducuvaty
eth.gly) 10— (J/kg *C. » 1071 (W/m-*C.)
0 1.000 3186 0599
20 1.0231 3.906 0.508
40 10814 3516 0.423
(] 10763 3119 0.356
30 1.0960 m 0.298
100 11130 218 0288

The data given in Table 1 are used 10 calculate th2
maximum core temperatures for an applied power of
5.90 W/m for the six solutions. The maximum core
temperatures are also measured for solutions of 0. 20,
40, 60, 80, and 100 ethylene glycol by volume. The
experimental and calculated results are shown as points
72 and curve 70 respectively in FIG. 5. Similar agree-
ment is obtained for other power levels. Conversely,
thermal conductivity cell 10 of the present invention
may be used to measure the concentration as well as the
diffusivity and other physical properties of a liquid.

Thermal conductivities may also be determined for
several ethylene glycol solutions using an optical fiber
thermal conductivity sensor such as thermal conductiv-
ity cell 10. A short-lime technique may be used wherein
solution temperature changes of tenths of a degree are
produced. The classical hotwire approach uses heating
times of longer duration and produces larger tempera-
ture changes in the fluid being measured. For this rea-
son many corrections are required for accurate mea-
surements. The short-time approach eliminates these
corrections but requires a more complex numerical
solution of heat conduction equation 5.
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The heat capacuty of goid layer 14 itself has been .

ignored. This effect is most important at early times and
produces a temperature reduction of less than twe per-

6

cent for times greater than one tenth of a millisecond.
The second effect ignored is the temperature non-
umformity of fiber 12. This effect is also most important
at early times and appears as a temperature increase of
less than one percent of peak value for the first couple
tenths of a millisecond.

For well-known fiber material parameters the present
technique can determine (PCp) as weil as K for the
medium. Equation (5) is invariant on multiplication of
AT and (P/PCyA) by the same factor. Therefore. nor-
malized plots of AT versus time will depend only on
kmedium (Kmedium =K/PCp)=diffusivity. Kmedium can
thus be obtained from the normalized plots. Knowing
Kmedium P, and A, the peak height gives (PC,) which
can then be used to obtain Kmedium. .

A gold-coated jacketed fiber 12 or a gold-coated
unjacketed fiber 12 may be provided for conductivity
cell 10 of the present invention. Thermal conductivity
cell 10 formed with a gold-coated jacketed fiber 12 is
more than twice as sensitive as gold-coated unjacketed
fiber 12.

Those skilled in the art will appreciate without any
further 2xplanation that many modifications and varia-
tions are possible to the above disclc:cd optical fiber
sensor for measuring thermal conductivity embodi-
ments, within the concept of this invention. Conse-
quently. it should be understood that ali such modifica-
tions and variations fall within the scope of the follow-
ing claims.

What we claim is:

1. A method for measuring a physical property of a
liquid using a light transmitting optical fiber having un
optical path length, comprising the steps of:

(a) disposing a conductive material upon the surface

of a region of said light transmitting optical fiber:

(b) disposing at least a portion of said fiber region
having said conductive material in said liquid:

(c) applying light energy to a first end of said light
transmitting optical fiber;

(d) thermally changing said optical path length in
response 1o electrical energy applied 1o said con-
ductive material while said fiber is disposed in said
liquid: :

(e) receiving transmitted light at a second end of a
said optical fiber,

(f) determining the change in said optical path length
in accordance with said received light: and.

(g) determining said physical property of said liquid
in accordance with said thermally changed optical
path length.

2. The method of claim 1. wherein step (f) comprises
determining said change in said optical path length in
accordance with the change inn phase of said received
light when ¢ 1i2 electrical energy is applied 1o said con-
ductive maicnal )

3. The method of claim 1. wherein step (d) comprises
the step of applying a substantially short electrical en-
ergy pulse.

4. The method of claim 3. wherein step (d) ccmprises
applying an electrical energy puise of approxiriately
one millisecond duration.

5. The method of claim 1. comprising the further step
of applying a plurality of electrical energy pulses.

6. The method of claim 5. wherein data representa-
tive of received light for a plurality of electrical energy
pulses are averaged.
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7. The method of claim 1. wherein step (d) comprises
raising the temperature of said region a few tenths of a
degree.

8. The method of claim 1, wherein step (a) comprises
the step of disposing said conductive material upon a
Jjacket of said optical fiber.

9. The method of claim 1, wherein step (a) is pre-
ceded by the step of removing a fiber jacket from said
optical fiber.

10. The method of claim 1, wherein step (a) comprises
encircling said optical fiber with said conductive mate-
rial.

11. The method of claim 10, wherein step (a) com-
prises encircling said optical fiber with a layer of con-
ductive material having a thickness of approximately
one-tenth micron. .

L] . .

12. The method of claim 1. wherein step (a) comprises
disposing said conductive material upon the surface of a
region of said optical fiber wherein the region has a
length of approximately one inch.

13. The method of claim 1 wherein step (a) comprises
disposing gold upon the surface of said optical fiber.

14. The method of claim 1, wherein step (g) com-
prises determining the thermal conductivity of said
liquid in accordance with said received light.

15. The method of claim 1, wherein step (f) comprises
determining the diffusivity of said liquid in accordance
with said received light.

16. The method of claim 1, wherein step (f) comprises

. determining a parameter of said optical fiber in accor-
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dance with said received light.
L] ] . ] .



